Background. On the basis of noninferiority trials, tigecycline received Food and Drug Administration (FDA) approval in 2005. In 2010, the FDA warned in a safety communication that tigecycline was associated with an increased risk of death.
INTRODUCTION
The emergence of antibiotic-resistant organisms has made the development of new antimicrobial agents a top priority. Tigecycline was designed to meet this need [1] with in vitro activity against methicillin-resistant Staphylococcus aureus, vancomycin-resistant Enterococcus species, and penicillin-resistant Streptococcus pneumoniae, but not against Proteus species and Pseudomonas aeruginosa [2] . On 28 January 2005, the Food and Drug Administration (FDA) granted it priority review status, 6 months later approving its use as monotherapy in complicated intra-abdominal and skin and skin structure infections. In 2009, tigecycline also received approval for community-acquired pneumonia. These approvals were based on noninferiority trials with modified intention-to-treat designs using microbiological and infection cure rates as primary end points [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . A recent subgroup analysis also reported that tigecycline was noninferior in bloodstream infections [16] [17] [18] .
Despite repeated findings of noninferiority, the FDA released a warning and updated the drug label in September 2010, citing an increased mortality risk associated with tigecycline, compared with active comparator antibiotics [19] . Pooling across 13 trials of approved and unapproved indications, tigecycline had an overall adjusted mortality rate of 4% compared with 3% for the comparator group, a relative mortality increase of 33%. The FDA safety communication emphasized that the "risk was most clearly seen in patients with hospital acquired pneumonia" for which tigecycline is not approved, but acknowledged that excess mortality was also seen in patients treated for approved indications. Although the cause of excess deaths could not be determined, it was postulated that most deaths were secondary to progression of infection [19] . Of note, even predating the FDA warning, the efficacy of tigecycline in severe infections had been repeatedly questioned [2, 18, 20, 21] .
Contrary to the 2010 FDA evaluation, 2 meta-analyses published this year failed to show that tigecycline significantly increased mortality. One evaluated only a subset of available data (8 of 13 studies) [22] , and 1, using all studies [23] , did not include mortality data for 1 trial [7] and used underreported mortality results for another [8] . In contrast, a third recent meta-analysis supported the FDA evaluation but had methodological issues that may raise doubts about validity [24] . Although Tasina et al [23] and Yahav et al [24] reached different conclusions, both excluded unpublished but available data on osteomyelitis cure rates among patients with diabetic foot infections [8] and included a phase II study in which tigecycline served as the active comparator for an experimental quinolone [25] . Furthermore, Yahav et al [24] incorrectly extracted cure rates for 2 studies [9, 11] . Finally, FDA analyses in both 2005 and 2010 [19, 26] included 6 deaths (2 tigecycline and 4 control) that were, perhaps more properly, recorded as survivors in published reports [9, 11] and by Pfizer ( personal written communication). Classifying these patients who died late after a prespecified reporting period ended as deaths made tigecycline appear to be slightly less harmful. Subtracting published data [10, 12] from the aggregated FDA analysis [26] , Yahav et al [24] also mistakenly assigned these putative survivors, reclassified as deaths, to the wrong trial [6] .
Thus, it is not entirely clear that tigecycline is inferior to comparator antibiotics and whether its indications should be further restricted. Several guidelines, including ones endorsed by the Infectious Diseases Society of America, have supported using tigecycline monotherapy in selected infections [27] [28] [29] [30] . As noted, the FDA safety communication [19] and the 3 recent meta-analyses [22] [23] [24] are split evenly on whether tigecycline increased mortality because of the examination of nonidentical RCT results. Here, mortality and cure rates were reexamined using all available data from RCTs of tigecycline. Discrepancies among previous analyses and both published and unpublished data sources were adjudicated by direct written communication with Pfizer, the manufacturer of tigecycline.
METHODS

Literature Search
PubMed, EMBASE, Scopus, and Web of Science databases were searched through April 2011 to identify studies randomizing patients to treatment with tigecycline or active comparator antibiotics and recording cure rates and mortality. To find unpublished studies, Clinicaltrials.gov, Cochrane Central Register of Controlled Trials, Micromedex and Gateways to Clinical Trials, Cochrane Database of Abstracts of Reviews of Effects, and Current Controlled Trials were also searched. Studies were excluded if they were not in English, suspended, still enrolling patients, or presented pooled or subgroup data from already included studies.
Data Collection
Two authors independently reviewed included studies (PP and JS). A third author (CN) resolved discrepancies. Mortality rates and noncure rates were selected as end points of interest. Additional data from selected trials were collected ( Figure 1 and Table 1 ).
Statistical Analysis
Overall mortality rates from modified intention-to-treat (mITT) populations and noncure rates from clinical mITT (c-mITT) populations were used for our primary analysis ( Table 2 ). Mortality and noncure data for 3 unpublished studies [6] [7] [8] were retrieved from Clinicaltrials.gov and Pfizer (personal written communication). For NCT00366249 [8] , noncure data were pooled for patients with and without osteomyelitis. Two of the 13 studies did not report c-mITT data, and therefore, clinically evaluable (CE) [7, 15] data were used for c-mITT analysis. Separate secondary analyses were conducted using CE or microbiologically evaluable (ME) data only. The effect of tigecycline (versus comparator) treatment was assessed using the risk difference (RD) of death or noncure. Heterogeneity among studies was assessed using the Q statistic and I 2 value [31] . Overall treatment effects were estimated using random-effects models (Comprehensive Meta-analysis, version 2; http://www.metaanalysis.com/), and potential confounders were investigated by metaregression [32] . Publication bias was evaluated using funnel plots and Egger's regression [33] , which could have limited power [34] . Fisher exact test compared the proportions of patients with persistent bacteremia using SAS, version 9.2 (SAS Institute).
RESULTS
Study Characteristics
Thirteen RCTs met inclusion criteria: 10 published and 3 unpublished (Table 1) (Table 1) . Five trials studied intra-abdominal infections [5, 6, 10, 12, 15] , 3 studied skin and skin structure infections [4, 7, 13] , 2 studied community-acquired and 1 hospital-acquired pneumonia [3, 11, 14] , 1 studied diabetic foot infection [8] , and 1 studied methicillin-resistant S. aureus (MRSA) and vancomycin-resistant Enterococcus (VRE) In the clinically modified intention-to-treat population (c-mITT) noncures were evaluated at the test of cure visit (TOC) and included any death as well as any change in treatment.
c Mortality was reported in the modified intention-to-treat population (mITT) if it occurred from enrollment in the study until the time of the TOC visit. Abbreviations: CE, clinically evaluable; c-mITT, clinically modified intention-to-treat; ITT, intention-to-treat; ME, microbiologically evaluable; mITT, modified intention-to-treat; MRSA, methicillin-resistant Staphylococcus aureus; NR, not reported; VRE, vancomycin-resistant Enterococcus. a All trials used the same mITT protocol in which all patients meeting inclusion/exclusion criteria formed the ITT cohort, but only those receiving at least 1 dose of study drug were included in the mITT cohort. Patients in the mITT cohort meeting minimal criteria for the target infection became the c-mITT cohort. The c-mITT cohort was further narrowed to a microbiologically m-mITT that included c-mITT patients with a confirmed bacterial isolate at baseline, and a CE group that included c-mITT patients meeting criteria as both evaluable and having a test of cure visit. Patients in the CE group with a susceptible bacterial isolate at presentation comprised the ME group. b Data obtained from Pfizer and Clinicaltrials.gov.
infections [9] . These 13 studies enrolled 172-1061 patients each, for a total of 7434 (mITT cohort).
Mortality and Noncure Rates
Combining the 13 studies, 148 deaths occurred among 3788 patients treated with tigecycline (4% mortality), and 106 deaths occurred among 3646 patients treated with comparator antibiotics (3% mortality). There was no significant heterogeneity among these studies for mortality (I 2 = 0%; P = .99). Furthermore, no evidence of publication bias was detected by Eggers regression test (data not shown) [33] . For tigecycline treatment, overall mortality rate (mITT cohort) was increased, compared with comparator antibiotics (RD, 0.7%; 95% confidence interval [CI], .1-1.2; P = .01) (Figure 2 ). For noncure rates in the c-mITT population across studies (Table 2) , both heterogeneity (I 2 = 25%; P = .19) and the Eggers regression test [33] evaluating publication bias were nonsignificant (data not shown). Aggregated data from all available studies demonstrated significantly higher noncure rates with tigecycline, compared with comparator antibiotics (RD, 2.9%; 95% CI, .6-5.2; P = .01). Figure 3 shows the mortality RD for different infection types. For each type, mortality was numerically increased with tigecycline treatment relative to comparator antibiotics, consistent with the overall mortality effect (Figure 3 ). There was no significant effect (P = .94) of infection type on the mortality increase associated with tigecycline.
Subgroup Analysis
In each type of infection but 1 (community-acquired pneumonia), the c-mITT noncure rate was numerically increased with tigecycline treatment, compared with comparators, consistent with the overall increase in noncure rates (Figure 3 ). Type of infection had no significant effect (P = .36) on the higher noncure rates seen with tigecycline. Variously defined subpopulations were also evaluated across the 13 trials for noncure, including CE-and ME-only data. Both subgroups had increased noncure rates (RD, 2.1%; 95% CI, −.4 to 4.7; P = .10 and RD, 1.4%; 95% CI, −1.4 to 4.2; P = .32, respectively), consistent with the overall increase in noncures for tigecycline seen in the c-mITT analysis, but did not reach statistical significance, possibly because of smaller sample size ( Table 2) .
With use of metaregression, the number of patients in a trial did not significantly alter the magnitude of tigecyclineassociated increases in mITT mortality rates or c-mITT noncure rates (P = .95 and P = .13, respectively; data not shown). Furthermore, there was also no significant effect of trial design on tigecycline-associated increased risks comparing double-blind with open-label studies for mortality (P = .96); RD, 0.7% (95% CI, .1-1.3) P = .02 vs RD, 0.7% [95% CI, −.6 to 2.0] P = .29, respectively, and for c-mITT noncures: (P = .97); RD, 2.9% (95% CI, .2-5.7) P = .04 vs RD, 2.8% (95% CI, −2.1 to 7.7) P = .26, respectively.
Approved and Nonapproved Indications
Mortality showed no significant heterogeneity among the 3 studies [8, 9, 11] for nonapproved (I 2 = 0%; P = .64) or the 10 studies [3-7, 10, 12-15] for approved indications (I 2 = 0%; P = .99). Excess mortality with tigecycline was similar (P = .78) comparing RCTs for non-FDA-approved indications (RD, 0.8%; 95% CI, −.3 to 1.9; P = .14) with RCTs for indications that eventually received FDA approval (RD, 0.6%; 95% CI, .03-1.2; P = .04) (Figure 4 ). For noncure rates, no significant heterogeneity was seen among trials for either nonapproved (I 2 = 0%; P = .61) or approved (I 2 = 0%; P = .46) indications. For the 3 nonapproved indications, the noncure RD was 7.4% (95% CI, 3.4-11.4; P = .0003). Among the 10 trials for approved indications, the RD was 1.6% (95% CI, −.7 to 3.8; P = .17). The noncure rate difference for FDA-approved indications was smaller than the overall estimate and much lower than in trials for nonapproved indications (P = .01), but still favored comparator regimens over tigecycline. Figure 5 displays the cumulative mortality and c-mITT noncure RDs by the year studies completed enrollment. In Figure 2 . Mortality and noncure rates using RD. The size of data markers is proportional to the inverse variance of each point estimate. RR, another commonly used summary statistic, was examined to test the consistency of the above findings. Tigecycline versus comparator antibiotics was associated with a significant 30% increase in mortality rates (RR, 1.30; 95% CI, 1.02-1.65; P = .04) and a significant 12% increase in c-mITT noncure (RR, 1.12; 95% CI, 1.02-1.23; P = .02). Abbreviations: CI, confidence interval; RD, risk difference; RR, relative risk.
Cumulative Mortality and c-mITT Noncures
June 2005, when tigecycline received regulatory approval, 5 trials had completed enrollment (I 2 = 0%). The cumulative RD for death for these trials was 0.7% (P = .06). Nine trials were completed before 2007 (I 2 = 0%), and the cumulative increased risk of death associated with tigecycline had become more apparent (RD, 0.7%; P = .04). Additional trial data had little effect on the cumulative RD for death. By 2009, after 12 trials (I 2 = 0%), c-mITT noncure differences approached significance, favoring comparator antibiotics over tigecycline (RD, 2.0%; P = .055).
DISCUSSION
Thirteen RCTs, 10 published and 3 unpublished (9 doubleblinded, 4 open labeled), met inclusion/exclusion criteria for this meta-analysis. Tigecycline versus active comparators demonstrated a significant increase in mortality and noncure rates. Overall, tigecycline was associated with a 0.7% absolute or 30% relative increase in mortality and a 2.9% absolute or 12% relative increase in noncure rates. In subgroup analysis, this effect was independent of infection type, trial design, and study size. Of importance, unfavorable outcomes were similarly associated with tigecycline therapy for both FDAapproved and nonapproved indications. Although the underlying cause of excess death in trials of tigecycline is uncertain, the corresponding elevated risk of noncure suggests the possibility of inadequate antimicrobial activity. Tigecycline is primarily a bacteriostatic agent with nonlinear protein binding and a very large volume of distribution ranging from 5 to 10 L/kg [2] . The standard dosing regimen (100 mg load, followed by 50 mg every 12 hours) produces a maximum steady-state serum concentration of only Figure 3 . Subgroup analysis (types of infections). The actual increase in mortality and P value by type of infection using the RD are as follows: across the 5 intra-abdominal infection studies, RD was 0.8% (P = .13); across the 3 skin and skin structure studies, RD was 0.6% (P = .14); across the 2 community-acquired pneumonia studies, RD was 0.2% (P = .86); in the 1 diabetic foot infection study, RD was 0.7% (P = .25); in the 1 hospital-acquired pneumonia study, RD was 1.9% (P = .38); and in the 1 study of MSRA and VRE infections, RD was 3.9% (P = .33). Infection-specific results for noncure are as follows: across the 5 intra-abdominal infection studies, RD was 2.7% (P = .16); across the 3 skin and skin structure studies, RD was 1.5% (P = .54); across the 2 community-acquired pneumonia studies, RD was -1.3% (P = .70); in the 1 diabetic foot infection study, RD was 9.1% (P = .01); in the 1 hospital-acquired pneumonia study, RD was 4.9% (P = .23); and in the 1 study of MRSA and VRE infections, RD was 8.3% (P = .31). For comparison, a subgroup analysis examining another summary statistic, the RR of death and noncure for each of 5 indications showed the following: for complicated skin and skin structure infections, mortality RR was 1.72 (P = .28) and noncure RR was 1.02 (P = .76); for complicated intraabdominal infections, mortality RR was 1.48 (P = .11) and noncure RR was 1.15 (P = .07); for diabetic foot infections, mortality RR was 2.14 (P = .27) and noncure RR was 1.39 (P = .001); for community-acquired pneumonia, mortality RR was 1.08 (P = .85) and noncure RR was 0.94 (P = .67); for hospitalacquired pneumonia, mortality RR was 1.15 (P = .13) and noncure RR was 1.15 (P = .15);and for drug-resistant pathogen infections (MRSA and VRE), mortality RR was 1.85 (P = .41) and noncure RR was 1.43 (P = .34). Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; RD, risk difference; VRE, vancomycin-resistant Enterococcus.
0.6 μg/mL [35] . Although tissue-to-serum area under the curve concentrations are routinely ≥2-fold [35] [36] [37] , serum levels are quite low relative to commonly used sensitivity breakpoints (generally ≤0.5 µg/mL, but up to ≤2.0 µg/mL depending on bacteria type) [2] . In severe infections with high bacteremia risk, low serum levels combined with bacteriostatic rather than bactericidal activity may lead to an unfavorable microbiological response. This is supported by data from a subgroup analysis of bacteremic patients. Gardiner et al. [16] found that 9 of 91 tigecycline-treated bacteremic patients had persistent bacteremia defined as positive blood culture results for >24 hours after initiation of antibiotics. In comparison, only 1 of 79 comparator-treated patients had persistent bacteremia. This decrease in bacterial clearance with tigecycline, compared with comparators, is statistically significant (P = .02, Fischer exact test). Notwithstanding evidence of inadequate antimicrobial activity, direct drug toxicity or other mechanisms cannot be completely eliminated as possible contributors to the excess mortality observed with tigecycline.
Before its June 2005 approval, tigecycline passed multiple tests for noninferiority in well-designed clinical trials. How can a pooled analysis including these same studies, most suggesting equivalence, now provide clear evidence that tigecycline is inferior and increases risk of death? All tigecycline RCTs used a prespecified noninferiority margin of 15% for test of cure [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , but data from historical cohorts suggest that this criterion may not be ideal for all infections [38] . Relatively wide equivalence margins decrease sample size and, therefore, the time and cost of performing comparator trials [39, 40] . However, the larger studies required by a smaller noninferiority margin might well have revealed the harmful impact of tigecycline on survival sooner and possibly prevented its approval for indications for which it is ill suited.
The FDA Statistical Review and Evaluation of tigecycline in 2005 included 5 clinical trials (1 incomplete) encompassing 3 different indications [26] . A meta-analysis of this data would have demonstrated a mortality RD of 0.7% (95% CI, −.1 to 1.4; P = .07), very similar overall results to the current analysis. Note for comparison that our cumulative analysis for mid-2005 ( Figure 5 ) excludes the ongoing trial [14] but includes another study [7] that had completed enrollment in January 2005. Among the 4 completed trials analyzed in the FDA Statistical Review [26] , tigecycline was associated with 62% (126 of 202) of the infectious severe adverse events, whereas comparator antibiotics accounted for only 38% (76 of 202). Some individual infectious severe adverse events reached or approached significance (tigecycline vs comparator), as follows: sepsis (12 of 1383 vs 3 of 1375; P = .03), abnormal wound healing (23 of 817 vs 11 of 825; P = .04), pneumonia (9 of 817 vs 3 of 825; P = .09), and infection (24 of 1383 vs 14 of 1375; P = .14). Nonetheless, on the basis of the New Drug Application in 2005, the medical reviewer for the FDA could not conclusively link the excess deaths to a clear lack of treatment effect or other properties of tigecycline [41] . The reviewer noted further that "because these studies were not powered to detect a difference in death rates between the 2 treatment arms, it cannot be concluded from this information alone that a true difference does not exist." By the end of 2006, the cumulative analysis in Figure 5 indicates a statistically significant increase in mortality associated with tigecycline. By 2010, a significant increase in both mortality and noncure rates became evident ( Figure 4) . As shown here, the increase in mortality associated with tigecycline is also significant when limited to indications for which the antibiotic has received regulatory approval.
An expedited review and approval process is essential to address critical therapeutic needs, including the development of new anti-infective agents to combat multidrug-resistant organisms. Furthermore, noninferiority trials are often the only ethical approach to evaluate new antimicrobial agents for serious conditions that have existing safe and effective therapeutic options. Although surrogate and composite primary end points have become standard to evaluate antibiotics, welldefined and reliable end points, such as mortality, are still closely examined for harmful trends. The FDA was aware of consistent increases in mortality and infectious complications across tigecycline studies in 2005, but was concerned about the hazards of aggregating data from different types of infection [26, 41] . Even given this decision, convening a public Anti-Infective Advisory Committee meeting in 2005 and closely reexamining mortality annually by meta-analysis might have provided additional opportunities to recognize the association of tigecycline with excess deaths. By 2010, however, mounting evidence favoring comparators over tigecycline led the FDA to issue a Safety Communication warning of excess deaths based on meta-analysis.
Tigecycline studies were conducted in 5 different infectious processes using a variety of active comparator antibiotics. It is known that meta-analyses of pooled results from trials evaluating different types of disease processes may provide misleading results despite statistical evidence of homogeneity [42] . Furthermore, subsequent large randomized trials may fail to confirm findings from properly performed meta-analyses [40, [42] [43] [44] . Similar to most meta-analyses, patient-level data were not available. Our cumulative analysis ( Figure 5 ) could increase the false-positive rate [45] . Several studies allowed discretionary addition of specific antibiotics to tigecycline, but assessment of efficacy as monotherapy or combined with other agents was not possible. Nonetheless, all 13 RCTs evaluated here share identical intention-to-treat study designs and similar patient populations, and target serious bacterial Figure 5 . Cumulative mortality and cumulative noncure rate analyses for the tigecycline noninferiority trials identified in this meta-analysis from mid-2005 (the date when tigecycline received FDA approval as monotherapy for complicated intra-abdominal and skin infections) through the end of 2009 (the date by which the last study in this meta-analysis was completed).
infections. Of note, comparator regimens were not uniformly first-line antibiotics for the indication under study, which if anything, should have biased trials in favor of tigecycline. A forest plot of all evaluated studies (Figure 2 ) reveals that tigecycline was associated with a numerically higher mortality in 12 of 13 studies. Although each indication lacks adequate sample size to reach significance individually, the consistency of excess deaths associated with tigecycline is compelling. Moreover, mortality is a highly objective and troubling outcome that precludes second chances for adjusting therapy.
This meta-analysis of 10 published and 3 unpublished randomized controlled trials of tigecycline demonstrated a significant overall increase in mortality and noncure rates. A sensitivity analysis shows that these findings apply to indications for which tigecycline has received FDA approval. The apparent weakness of tigecycline as an antimicrobial agent may partly be explained by its bacteriostatic action and low serum levels, which result in higher noncure rates and delayed clearance of bacteremia. Initially meeting prespecified noninferiority criteria in individual clinical trials, but subsequently finding increased mortality and noncure rates overall, underscores the limitations and pitfalls of the noninferiority study design.
Ultimately, it may be difficult to justify a noninferiority margin of any size when evaluating therapies for conditions that can result in death or irreversible morbidity. In such situations, an analysis of mortality is always warranted and may support approval or heighten concern, as is the case for tigecycline. Furthermore, this experience with tigecycline illustrates that in vitro minimum inhibitory concentrations and animal studies [2] may not always predict equivalency in clinical trials. Finally, it is important to indicate that, after approval, tigecycline was used as an active comparator for an investigational agent [25] . Erroneously designating an agent as noninferior and, therefore, suitable as an active comparator could obscure harm from new antibiotics and lead to inappropriate approvals. Clearly, tigecycline should not be used when other effective antibiotic choices are available. Using tigecycline in life-threatening infections for which there are few or no alternative agents may be justifiable, but is only supported by anecdotal evidence.
Notes
